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The small hydrophobic (SH) protein of human respiratory syncytial virus (HRSV) has been efficiently expressed in Esche-
richia coli. In analogy to small hydrophobic proteins encoded by other RNA viruses, membrane permeability changes to
low-molecular-weight compounds were detected in bacteria expressing HRSV SH protein. These changes implied, at least,
the entry of both the protein synthesis inhibitor hygromycin B and the b-galactoside substrate o-nitrophenyl-b-D-galactopyra-
noside and the exit of preloaded [3H]uridine from bacterial cells. Site-directed mutagenesis indicated that the C-terminal
end of SH is needed for induction of membrane permeability changes. In addition, amino acid substitution at residue 32
(Ile to Lys) abolished that activity. This was correlated with a drastic increase in SH electrophoretic mobility and a decrease
of the predicted values of a-helix for all residues of the SH transmembrane domain. Other sequence changes have either
partial effect or no effect on the membrane permeability changes induced by the SH protein. However, none of the mutations
abrogated the association of SH protein with bacterial membranes, indicating that incorporation of SH protein to membranes
is not sufficient to induce the observed changes. Membrane permeability changes then might provide a useful test for the
identification of key amino acid residues in this unique HRSV gene product. q 1997 Academic Press
INTRODUCTION truncated form of SHo which is produced by initiation at
the second methionine codon of its mRNA. All these
Human respiratory syncytial virus (HRSV), a member
forms, except SHt, are expressed at the cell surface of
of the Pneumovirus genus of the Paramixoviridae family,
infected cells and form oligomers (possibly pentamers)
is the most important cause of lower respiratory tract
but only small amounts of SH are found in purified virionsinfections in infants and young children (review in Collins
(Collins and Mottet, 1993). The C-terminus of SH waset al., 1996). Recent studies indicate that HRSV is also
shown to be extracellular by its accessibility to exoge-an important cause of pneumonia in adults (Dowell et
nously added trypsin or antibodies. An analogous SHal., 1996).
protein is encoded by bovine respiratory syncytial virusThe HRSV genome is a single strand of negative-sense
(BRSV) (Samal and Zamora, 1991), which is incorporatedRNA encoding, at least, 10 mRNAs species which are
into membranes and modified by polylactosaminoglycantranscribed sequentially from a single promoter located
addition (Anderson et al., 1992).at the 3* end of the viral RNA (vRNA) (Dickens et al.,
The significance of SH protein for the replicative cycle1990). HRSV encodes a larger number of gene products
of HRSV is unknown. Recently, it was shown that coex-than related paramyxoviruses. Among them, there is the
pression of SH with the other two HRSV glycoproteinsunique small hydrophobic integral membrane protein,
(G and F) in mammalian cells enhanced fusion of mem-SH, previously designated 1A (Collins and Wertz, 1985).
branes (and syncytia formation), presumably mediatedThe SH protein is synthesized as a 64-amino-acid-long
by the fusion protein (F) (Heminway et al., 1994).polypeptide with a single hydrophobic region spanning
The SH protein has only been found in SV5 (Hiebert etamino acids 14 to 41 (Olmsted and Collins, 1989). Several
al., 1985) and mump virus (Takeuchi et al., 1996) amongforms of the SH protein are present in the infected cells:
parainfluenza viruses. The SV5 product is shorter (44SHo (Mr 7,500), the most abundant form, is a full-length
amino acids) than HRSV SH but it has a similar orienta-unglycosylated species of the protein; SHg (Mr 13,000 to
tion in the membrane of virus-infected cells (Hiebert et15,000) is a modified version of SH which contains a
al., 1988), with only five residues of the C-terminus ex-single N-linked carbohydrate side chain; SHp (21,000 to
posed at the cell surface. Unlike HRSV SH, the SV5 pro-40,000) derives from SHg after addition of polylactosam-
tein is not glycosylated and it has not been found in theine to the N-linked sugars; finally, SHt (Mr 4,800) is a
virions. The mump virus SH is 57 amino acids long and
has been shown to be an integral membrane protein of1 To whom correspondence and reprint requests should be ad-
dressed. Fax: 34-1-509-7919. E-mail: jmelero@isciii.es. infected cells but its presence at the cell surface and in
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the virions could not be demonstrated. The actual role synthesized, using t-Boc chemistry, in an ABI 430A pep-
tide synthesizer (Lo´pez et al., 1993). The peptide wasof these proteins in the SV5 and mump virus infectious
cycles remains to be determined. cleaved off the resin with trifluoromethane sulfonic acid
(TFMSA) and purified by gel filtration in G-10 Sephadex.Small proteins with long hydrophobic domains have
been identified in influenza A (M2) (Lamb and Choppin, Two milligrams of peptide was mixed with complete
Freund’s adjuvant and used to inoculate New Zealand1981) and influenza B (NB) viruses (Shaw et al., 1983;
Williams and Lamb, 1988). Although M2 and NB proteins white rabbits intradermically at multiple sites. A second
dose of peptide, mixed with incomplete adjuvant, washave an opposite orientation in the membrane compared
to SH (i.e., C-terminus is intracellular), they all share a given 4 weeks apart. Rabbits were bled 1 week later and
the antisera were tested by ELISA using the peptide asnumber of structural features, such as: (i) the presence
of a hydrophobic region in the central part of the polypep- antigen.
tide chain, (ii) oligomerization, and (iii) the uncommon
addition of polylactosamine to N-linked carbohydrates of Construction of recombinant plasmids
HRSV SH (Olmsted and Collins, 1989), influenza B NB
(Williams and Lamb, 1988), and, at least, some mutants HEp-2 cells were infected with the Long strain of HRSV
and total RNA was isolated from infected cultures (whenof influenza A M2 protein (Holsinger et al., 1994).
M2, the best characterized of the small membrane cytopathic effect was evident) by the isothiocyanate –
CsCl method (Chirgwin et al., 1979). Amplification of theproteins of RNA viruses, is the target of the anti-influenza
drug amantadine hydrochloride (Hay et al., 1985). It was SH gene was accomplished by RT-PCR as described
(GarcıB a-Barreno et al., 1994), using the following primers:initially shown that M2 has ion channel activity when
expressed in Xenopus laevis oocytes (Pinto et al., 1992) LG30/Ava (5*GGCCCGGGAAGCTTTTTTTTTTTTTTT3*,
underlined is an AvaI site added for cloning purposes)or in mammalian cells (Wang et al., 1994). Recently, and
relevant to its physiological role, it was demonstrated and OSH1//AvaI (5*ATCCCCGGGGCAAATAATCATTGG-
AGG3*). The amplified DNA was blunt-ended with thethat M2 protein is capable of modifying the cytoplasmic
pH after its insertion into the plasma membrane (Ciampor Klenow fragment of E. coli DNA polymerase, ligated to
pGEM3 vector (Promega) linearized with SmaI, and usedet al., 1992) and induces pH-regulated proton permeabil-
ity in erythroleukemia cells (Chizhmakov et al., 1996). to transform competent E. coli DH5 cells. Bacteria harbor-
ing recombinant plasmids were grown in selective me-The list of small membrane proteins can be extended
to, at least, two other RNA viruses, poliovirus (Lama and dium and plasmid DNA (LSH) was isolated and se-
quenced by standard procedures (Sambrook et al., 1989).Carrasco, 1992) and Semliki forest virus (Sanz et al.,
1994). Independent of the actual role that each of these PCR-mediated mutagenesis was carried out by the pro-
cedure of Ho et al. (1989) as described (GarcıBa-Barreno etproteins plays in the replicative cycle of the respective
viruses, they are all capable of modifying membrane per- al., 1996). It involves two separate amplifications with two
pairs of primers. In each pair, one of the primers includedmeability when expressed in bacterial or eukaryotic cells
(Carrasco, 1995). In a similar manner to that previously the targeted mutation and was complementary to the muta-
genic primer of the other pair. The amplified DNAs weredescribed for the influenza M2 protein (Guinea and Car-
rasco, 1994), we now report expression of the HRSV SH mixed, denatured, and after dilution used for a third amplifi-
cation with a pair of plasmids flanking the mutated site.protein in Escherichia coli. Alterations in membrane per-
meability induced by HRSV SH were observed and muta- This DNA was digested with appropriate restriction en-
zymes and used to replace a similar segment of plasmidtions were identified that ablated this activity.
LSH. For the generation of mutant-C19 a single amplifica-
MATERIALS AND METHODS tion was done with primers OSH1//AvaI and OSHDC190/
Cells and viruses SphI (5*TAGCATGCCTACTAACAAAGTTTGTTTAGTAT-3*,
underlined is an SphI site). Then the amplified DNA wasThe HRSV Long strain was used as prototype through-
digested with AvaI and SphI and cloned into pGEM3out this study. It was grown in HEp-2 cells as previously
digested with the same enzymes.described (GarcıB a-Barreno et al., 1988). For metabolic
Transfer of either wild-type or mutant SH inserts fromlabeling, infected cells were preincubated for 2 hr in
pGEM3 to pET3 vector was accomplished by PCR usingmethionine-free Dulbecco’s modified Eagle’s medium
t w o n e w o l i g o n u c l e o t i d e s ( N d e I / R S V , 5* G G Gand then labeled with 100 mCi/ml of [35S]methionine for
GGGCATATGGAAAATACATCCATAAC3*; and BamHI/2 hr at 377. Extracts were made and immunoprecipitation
RSV, 5*GGGCCCGGATCCTCACTATGTGTTGACTCGwith anti-SH/C antiserum (see later) was done as pre-
AGC3*) that contained unique NdeI and BamHI sites,viously described (GarcıB a-Barreno et al., 1996).
sequences of the SH gene (nucleotides 85–94 and 266–
Preparation of anti-SH/C antiserum 279), and the initiation translation codon (boldface). After
amplification the products were digested with BamHI andA peptide with the sequence corresponding to the 18
C-terminal residues of the SH protein (Long strain) was NdeI and ligated to pET3 that contains a T7 promoter,
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signals for efficient translation in E. coli, and a transcrip- measure cleavage products. Intracellular b-galactoside
was measured in the bacteria pellets after resuspendingtion terminator from bacteriophage T7. After transforma-
tion of DH5 cells and analysis of plasmid DNA with re- them in 1 ml of growth medium and mixing with 0.2 ml
of 12 mM ONPG. After incubation as above, cells werestriction enzymes, the SH insert in plasmid pET3 was
sequenced by the dideoxy method. Then the DNA was pelleted to avoid light scattering by intact cells, and ab-
sorbance at 420 nm was measured. To estimate the totalused to transform BL21(DE3)pLysS E. coli cells (Studier
et al., 1990). amount of b-galactoside, 1-ml aliquots of bacteria cul-
tures were taken and 100 ml of toluene was added toDetails of the cloning procedures and primers used to
generate the different mutants can be obtained from the lyse the cells. After addition of ONPG, b-galactosidase
activity was measured as before.authors upon request.
Expression of recombinant proteins Isolation of bacterial membranes
Single colonies of E. coli BL21(DE3)pLysS cells harbor- It was done essentially as described (Lama and Car-
ing the indicated plasmids were grown overnight at 377 rasco, 1995). Briefly, cultures were grown and induced
in LB medium in the presence of 100 mg/ml ampicilin with IPTG as indicated above. Thirty minutes later rifam-
and 34 mg/ml chloramphenicol. Then the cultures were picin (150 mg/ml) was added and the bacteria were la-
diluted 50- to 100-fold in M9 medium supplemented with beled for 30 min with 2 mCi/ml of [35S]methionine. Then
0.2% glucose and antibiotics. When the cultures reached bacteria were pelleted and washed twice with 50 mM
an OD660 of 0.4–0.5 they were induced by the addition Tris–HCl, pH 7.6, 100 mM NaCl and disrupted ultrasoni-
of 1 mM IPTG. Rifampicin (Sigma) was added after induc- cally in buffer A (50 mM Tris–HCl, pH 7.6, 100 mM NaCl,
tion, when indicated, at 150 mg/ml to inhibit transcription 1 mM EDTA, 1 mM DTT, and 5% glycerol). The extracts
by E. coli RNA polymerase. were clarified by centrifugation at 2,500 g for 10 min and
Proteins were labeled at the indicated times after IPTG membranes were spun down at 100,000 g for 30 min at
addition by incubating the cultures with 2 mCi/ml of [35S]- 47. Equivalent amounts of supernatant and pellet were
methionine for 10 min at 377. The labeled bacteria were diluted in sample buffer and analyzed by SDS–PAGE
pelleted at 12,000 rpm in a minifuge and extracts were and autoradiography.
made in lysis buffer (0.37 M Tris–HCl, pH 6.8, 100 mM
dithiothreitol, 1% SDS, 17% glycerol, and 0.024 M bromo- RESULTS
phenol blue). Proteins were separated by SDS–PAGE
and visualized by autoradiography. When hygromycin B Cloning and sequencing of the SH gene of HRSV
was used, it was added to the cultures 10 min before Long strain
labeling at a final concentration of 1 mM.
A cDNA copy of the SH gene was amplified by RT-
PCR using RNA from Long-infected HEp-2 cells as tem-Release of [3H]uridine
plate. This DNA was cloned into pGEM3 vector and se-
Bacteria were grown as described before and 60 min quenced. The SH gene length (405 nucleotides) was
before induction with IPTG (when OD660 was 0.2–0.3) identical to that published for other HRSV group A viruses
they were loaded with 4 mCi/ml of [3H]uridine for 1 hr. (A2) (Collins and Wertz, 1985) having a long untranslated
After that, the cells were pelleted and washed twice with 3* region (124 nucleotides). Ten nucleotide differences
uridine-free prewarmed growth medium. Then the cells were observed between Long and A2 SH genes but only
were resuspended in the initial volume of growth medium one of them was translated into an amino acid change
and incubated at 377 for 15 min before induction with (residue 38, Thr in Long and Ile in A2).
IPTG. At the indicated times, 0.2-ml aliquots of cultures Figure 1A shows a comparison of the SH protein se-
were removed, cells were pelleted by centrifugation, and quences for two BRSV strains (391-2 and A51908), two
2 ml of scintillation liquid was added to the supernatants group B HRSV strains (8/60 and CH18537), and two group
to estimate radioactivity. A HRSV strains (A2 and Long). All these proteins have a
hydrophobic region between amino acids 14 and 41, at
b-Galactoside assay
least a potential N-glycosylation site at each side of the
hydrophobic domain, and a cysteine residue in the exter-Bacteria were grown and induced with IPTG as indi-
cated before. At given times thereafter 1-ml aliquots were nal C-terminal domain, although the position of the cys-
teine is different for HRSV group B viruses. Sequencetaken and the bacteria were pelleted in a minifuge. Extra-
cellular b-galactosidase was measured in the superna- identity is high between viruses of the same group or
species. It is noteworthy that the BRSV SH proteins havetants by adding 0.2 ml of 12 mM o-nitrophenyl-b-D-galac-
topyranoside (ONPG). Reactions were carried out for 10 C-terminal extensions that make them longer than HRSV
SH and it is at the external C-terminal end where mostmin at 307 and stopped by the addition of 0.4 ml 1 M
sodium carbonate. Absorbance at 420 nm was used to sequence changes are found.
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FIG. 1. Structural features of the SH protein. (A) The amino acid sequences of the SH proteins corresponding to the BRSV strains 391-2 (Anderson
et al., 1992) and A51908 (Samal and Zamora, 1991), the HRSV group B strains 8/60 and CH18537 (Collins et al., 1990), and the HRSV group A
strains A2 (Collins and Wertz, 1985) and Long are indicated. The length of each protein is indicated at right. The sequence changes of A51908, 8/
60, and A2 with respect to 391-2 are indicated. The sequence changes of the HRSV groups are referred to the upper sequence within each
group. Asparagine (N) residues that are potential glycosylation sites are shown underlined. Cysteine residues are denoted by dots. The predicted
transmembrane region is indicated by a horizontal bar at the top. Asterisks indicate polypeptide ends. (B) The complete amino acid sequence of
the SH protein from the Long strain (LSH) is represented. Diagrams of the mutants described in this work (see Materials and Methods) are shown
below. (C) Percentage of a-helix calculated for each residue of either wild-type (Long) or mutant SH proteins with the AGADIR algorithm (Mun˜oz
and Serrano, 1994).
The hydrophobic region of the SH protein has a high gens that inducibly express the RNA polymerase of bac-
predictive tendency to a-helix formation as tested by all teriophage T7 and which, at the same time, express low
available statistical methods (not shown). Figure 1C constitutive levels of T7 lysozyme, a natural inhibitor of
shows the percentage of a-helix predicted with the AGA- T7 polymerase (Studier et al., 1990; Studier, 1991). In
DIR algorithm (Mun˜oz and Serrano, 1994) along the SH this manner, constitutive low-level expression of gene
protein length of the Long strain. Although that algorithm products (which might be toxic) from the T7 promoter is
was designed for peptides in aqueous solution, the re- avoided. Upon addition of IPTG to E. coli BL21(DES)-
sults obtained show extremely high values of a-helix pLysS, high-level expression of T7 RNA polymerase is
percentage between residues 12 and 52. This indicates achieved by overcoming the inhibitory effect of T7 lyso-
that the SH transmembrane domain may have a similar zyme.
structure to the predicted a-helical domain of the influ- Addition of IPTG to bacteria harboring the pET3-SH
enza M2 protein (Sugrue and Hay, 1991; Holsinger and plasmid induced the synthesis of a polypeptide migrating
Lamb, 1991). in SDS–PAGE with the mobility expected for the SH pro-
tein (Fig. 2A). This was the only product synthesized
Expression of SH in E. coli when rifampicin (which inhibits transcription by the E.
coli RNA polymerase but not by T7 RNA polymerase)To achieve high expression levels, the SH gene of the
was added after IPTG induction. The SH polypeptide syn-Long strain was inserted into the pET3 vector under the
thesized in bacteria comigrated with the unglycosylatedT7 promoter and recombinants were used to transform
E. coli BL21(DE3)pLysS cells. These bacteria are lyso- SHo form produced in HRSV-infected HEp-2 cells and it
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tein synthesis. As soon as SH protein was expressed (30
min after IPTG addition), E. coli cells became permeant to
hygromycin B as indicated by a drop of [35S]methionine
incorporated after a short pulse in all the bacterial poly-
peptides, including SH itself (Fig. 3A). Without IPTG in-
duction, or in bacteria harboring control pET3 plasmid,
protein synthesis was not affected by hygromycin B
throughout the experiment (not shown).
Changes in membrane permeability by a number of
agents are usually observed in both directions (influx and
efflux) (Carrasco, 1995). Thus, in a second assay, we
tested the leakage of radioactivity from [3H]uridine-pre-
loaded bacteria (Fig. 3B). Substantial amounts of radioac-
tivity were released to the medium, starting 30 min. after
addition of IPTG to bacteria harboring pET3-SH plasmid.
As a control, bacteria bearing pET3 plasmid, induced in
parallel, did not show that behavior.
Finally, the entry of another compound (ONPG), nor-
mally excluded by intact membranes, was tested in bac-
teria expressing the SH protein (Fig. 3C). Starting 30 min
after addition of IPTG, there was a progressive increase
of ONPG cleavage products with time by intracellular b-
galactosidase in bacteria harboring pET3-SH plasmid. In
control bacteria, harboring pET3 plasmid, there was only
a moderate increase 30 min after IPTG addition but it
remained constant thereafter. b-Galactosidase remained
cell associated and release of the enzyme to the medium
was only slightly higher in bacteria expressing SH protein
than in control bacteria toward the end of the incubation
period (Fig. 3C). In addition, the total amount of b-galacto-
side, as measured in toluene-treated bacteria, was the
same in cells harboring either pET3-SH or pET3 plasmids
(data not shown).
FIG. 2. Expression of the SH protein (Long strain) in E. coli. (A) In summary, each of the three assays shown in Fig. 3
BL21(DE3)pLysS harboring either pET3 or pET3-SH plasmids were
indicated that expression of SH protein in E. coli modifiedgrown and induced with IPTG as indicated under Materials and Meth-
bacterial membranes making them permeable to low-ods. At the times indicated above each lane, cultures were pulse la-
beled with [35S]methionine and extracts analyzed by SDS–PAGE and molecular-weight compounds, which are normally ex-
autoradiography. Rifampicin was added with IPTG where indicated (/). cluded by intact membranes.
Mobility of the SH polypeptide is indicated at right. (B) Radiactive ex-
tracts of E. coli identical to those of A, 1 hr after IPTG induction (lanes
Mutagenesis of SH protein1 and 2), and extracts of HEp-2-infected cells (lanes 3 and 4) (see
Materials and Methods) were immunoprecipitated with either preim-
mune serum (pre) or antiserum against an 18-residue C-terminal pep- In order to identify regions of the SH molecule neces-
tide (a-SH/C) of the SH protein as described (GarcıB a-Bareeno et al., sary to enhace membrane permeability, as described in
1996). The precipitated proteins were visualized by SDS–PAGE and the previous section, the SH variants shown in Fig. 1B
autoradiography.
were constructed. These included deletion of the N-ter-
minal 15 amino acids (DN15) or the C-terminal 19 resi-
dues (DC19) of SH. In addition, some amino acid substi-was immunoprecipitated by an antiserum raised against
tutions were incorporated to alter the hydrophobic naturean 18-amino-acid C-terminal peptide of SH (Fig. 2B).
of the putative transmembrane domain, such as F18K,
I32K, L41E, or the double mutant F18K/I32K. Finally, threeChanges in membrane permeability associated with
lysines were inserted after residue 32 (Ç32KKK) to breakSH expression
the hydrophobic nature of that region and a C45S substi-
tution was made to test whether or not putative disulfideTo explore possible changes in membrane permeabil-
ity in response to SH expression, three different assays bonds between SH monomers were required for mem-
brane permeability changes.were performed. We first tested the entry of the imperme-
ant translation inhibitor hygromycin B by its effect in pro- Each mutant SH was expressed in E. coli BL21(DE3)-
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FIG. 3. Membrane permeability changes in E. coli induced by SH. (A) Expression of SH protein in BL21(DE3)pLysS cells harboring pET3-SH
plasmid was induced at time zero by addition of IPTG. Protein synthesis was evaluated at times thereafter by pulse-labeling with [35S]methionine
either in the absence (0) or presence (/) of hygromycin B (HB). Then proteins were resolved by SDS–PAGE and visualized by autoradiography.
(B) BL21(DE3)pLysS cells harboring pET3 (squares) or pET3-SH (circles) plasmids were preloaded with [3H]uridine as indicated under Materials
and Methods. At time zero, IPTG was added to the cultures and the amount of radiactivity in culture medium was measured at the indicated times.
(C) BL21(DE3)pLysS cells bearing pET3 (squares) or pET3-SH (circles) plasmids were induced with IPTG at time zero. At the indicated times the
entry of ONPG (closed symbols) or b-galactosidase activity in culture medium (open symbols) was measured as described under Materials and
Methods.
pLysS cells after addition of IPTG (Fig. 4) at levels compa- growth was very much impaired after IPTG induction.
Upon addition of rifampicin, SH products were essentiallyrable to that of wild type (Long) (see lanes without hygro-
mycin B), except mutant Ç32KKK that was consistently the only proteins synthesized in bacteria harboring the
different plasmids (Fig. 4). Addition of hygromycin Bexpressed at low levels, and longer exposures have to
be used to detect the protein band (Fig. 4). This mutant to bacterial cultures expressing either wild-type SH or
each of the mutants DN15,Ç32KKK, F18K, or C45S inhib-is apparently very toxic to E. coli cells and bacterial
FIG. 4. Effect of hygromycin B in E. coli expressing different SH mutant proteins. BL21(DE3)pLysS cells harboring plasmids with inserts correspond-
ing to the SH mutants indicated at the top (see Fig. 1B) were induced with IPTG. pET3 plasmid is a control without insert. Rifampicin (R) was added
with IPTG where indicated. Protein synthesis was measured 90 min after IPTG addition by pulse-labeling with [35S]methionine in the absence (0)
or presence (/) of hygromycin B (HB). Proteins were separated by SDS–PAGE and visualized by autoradiography. Detection of the SH mutant
Ç32KKK required longer exposure times, as shown in the right-hand panel.
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were run to analyze the different proteins (Fig. 6). Dele-
tion mutants DN15 and DC19 showed an increased mo-
bility according to their size reduction. Among mutants
with single amino acid substitutions, I32K (either alone
or in combination with F18K) showed a drastic increase
in mobility compared with wild-type SH. It is worth em-
phasizing that I32K and F18K/I32K mutants were negative
in the induction of either membrane permeability to hy-
gromycin B (Fig. 4) or leakage of preloaded [3H]uridine
(Fig. 5). Mutant L41E, which showed moderate effects in
membrane permeability, showed a slightly higher mobil-
ity than wild-type SH (Fig. 6). Finally, mutant Ç32KKK
showed an electrophoretic mobility almost identical to
that of wild-type SH protein.
The predicted values of percentage of a-helix for some
of the SH mutant proteins are represented in Fig. 1C. In
agreement with the changes detected in SDS–PAGE,
mutant I32K showed a substantial reduction in the per-
centage of a-helix for all residues included in the SH
hydrophobic domain. In contrast, mutant F18K that mi-
grated as wild type in SDS–PAGE showed identical val-
ues to LSH in the a-helix plot (Fig. 1C). Mutant L41E,
FIG. 5. Leakage of [3H]uridine in BL21(DE3)pLysS cells expressing
which had a moderate increase in the electrophoreticmutant SH proteins. Bacteria bearing plasmids with the inserts denoted
mobility compared with LSH, showed only an intermedi-in each panel were tested for [3H]uridine release to the culture medium
as indicated in the legend to Fig. 3B. ate reduction in the values of percentage of a-helix. Thus,
impairment to induce membrane permeability changes
in E. coli by certain SH mutants could be correlated with
ited protein synthesis, as observed by reduction of pro- an increase in their electrophoretic mobility and a de-
tein band intensity in the gel autoradiogram. The inhibi- crease in the percentage of a-helix predicted for the SH
tory effect of hygromycin B was even more drastic with hydrophobic domain.
certain mutants than with wild-type SH. In contrast, bac- The observed changes in electrophoretic mobility and
teria expressing SH mutants DC19, I32K, or F18K/I32K
were resistant to the inhibitory effect of hygromycin B,
indicating that E. coli remained impermeable to this com-
pound. In the case of mutant L41E, partial inhibition of
protein synthesis was observed upon addition of hygro-
mycin B to the cultures.
Bacteria harboring the recombinant plasmids were
also tested for leakage of radioactive uridine in pre-
loaded cultures after IPTG induction (Fig. 5). In agree-
ment with the results of Fig. 4, the SH mutants that did not
induce release of radioactive uridine after IPTG addition
were those that did not permeabilize E. coli membranes
to entry of hygromycin B (DC19, I32K, and F18K/I32K). In
contrast, wild-type SH and mutants DN15, F18K, C45S,
and Ç32KKK induced release of preloaded [3H]uridine.
As it was observed with the entry of hygromycin B (Fig.
4), the last three mutants had a more drastic effect in
leakage of [3H]uridine than the wild-type SH. Mutant L41E
showed an intermediate phenotype—only a low level of
[3H]uridine leakage was induced—reminiscent of the
moderate inhibition of protein synthesis by hygromycin
FIG. 6. Comparison of the electrophoretic mobility of different SHB in cells expressing this mutant.
mutants. Radiolabeled bacterial extracts, corresponding to those de-
In the experiment shown in Fig. 4, electrophoretic mo- scribed in the legend to Fig. 4 with rifampicin, were analyzed by SDS–
bility changes were detected among the different SH PAGE (15% polyacrylamide) and autoradiography. The amount of each
extract per lane was adjusted to have the same radioactivity.proteins. To substantiate this observation longer gels
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FIG. 7. Association of SH proteins with membranes. Bacteria harboring the plasmids indicated at the top were used for the preparation of
membranes, as indicated under Materials and Methods. Proteins from supernatants (S) and membrane pellets (P) were analyzed by SDS–PAGE
and autoradiography. The location of SH protein bands is indicated at right.
predicted a-helix values for some SH mutants might im- is recovered in membrane-enriched fractions of E. coli
pair the protein interaction with membranes. To test this and cannot be eluted by treatments that eliminate periph-
hypothesis, bacterial cultures were induced with IPTG eral proteins (data not shown) and (ii) permeability
and treated with rifampicin before radiolabeling with changes are observed immediately after induction of SH
[35S]methionine. Then membranes were isolated by dif- expression in E. coli. Thus, SH protein enlarges the list
ferential centrifugation and analyzed by SDS–PAGE. Fig- of small integral membrane proteins encoded by RNA
ure 7 indicates that wild-type SH was found exclusively viruses that alter membrane permeability (Carrasco,
in the membrane fraction (P) and not in the supernatant 1995).
(S), reflecting the association of SH protein with mem- Irrespective of the specific role that each of those pro-
branes of eukaryotic cells (Collins and Mottet, 1993). In teins plays in the replicative cycle of the different viruses,
a similar manner, the SH protein encoded by the different they may have general effects in membrane architecture
mutants was only found in the membrane preparations facilitating processes such as cell lysis or membrane
(representative examples are shown in Fig. 7). In all fusion. The last phenomenon is mediated in the para-
cases, the association of SH protein with membranes myxoviruses by the fusion (F) protein but it has been
was not abrogated by treatment with EDTA, alkali, or observed that coexpression of the other glycoprotein (i.e.,
high salt, indicating that SH was an integral component HN or H) is also required (Hu et al., 1992). In the case
of the bacterial membrane (not shown). Thus, the lack of of HRSV, it seems that coexpression of the three major
permeability changes found with some SH mutants (e.g., glycoproteins, F, G, and SH, is needed for efficient syncy-
DC19 or I32K) could not be correlated with an altered tia formation (Heminway, 1994).
interaction with the bacterial membrane. Despite having in common highly hydrophobic regions
with a propensity for a-helix formation, the small integral
DISCUSSION membrane proteins of RNA viruses have diverse sizes
and posttranslational modifications. It seems that theseIn this report, we provide evidence for permeability
proteins have only minimal structural requirements forchanges of E. coli membranes related to the expression
their functions. For instance, none of the posttransla-of HRSV SH protein (Long strain). Entry of hygromycin B
tional modifications of influenza M2 protein are essentialhas also been observed in HRSV-infected HEp-2 cells
for its ion channel activity (Holsinger et al., 1995). In(not shown), but it remains to be demonstrated that SH
addition, some M2 protein mutants, with amino acidprotein is responsible for that entry. The permeability
changes in the transmembrane domain, are modified bychanges could be either a direct effect of SH incorpora-
the addition of polylactosaminoglycans (wild-type M2 istion into bacterial membranes or an indirect effect on
unglycosylated) but are unaffected in the ion channelbacterial metabolism leading to disruption of membrane
integrity. We favor the first hypothesis since: (i) SH protein activity (Holzinger et al., 1994).
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